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Abstract
Olds, Cowan and Jolicoeur [2000. Tracking visual search over space and time. Psychonomic Bulletin & Re6iew (in press)]
interrupted pop-out search by adding distractors to a display after a delay. They analyzed the response time distributions from
conditions with different delays for interruption and showed that when pop-out search fails, its partially completed computations
can be used to assist other, slower search processes. This paper demonstrates that expectancies, numbers of items and colors in
the display, and color onsets do not explain those results. Finally, an experiment in which the target was moved mid-trial
demonstrates that partial pop-out assists difficult search by indicating something about where the target is, or where the target
is not. © 2000 Elsevier Science Ltd. All rights reserved.
Keywords: Attention; Visual search; Pop-out search; Search mechanism interactions; Eccentricity effect
www.elsevier.com:locate:visres
1. Introduction
Organisms often need to process important informa-
tion quickly. They must first rapidly select portions of
the visual scene that merit further processing, and then
analyze those portions. To investigate how this rapid
selection occurs, researchers often use visual search
tasks, in which the observer must determine whether a
prespecified target is present in a display or not. Pop-
out search is the label given to fast detection of certain
kinds of targets. In pop-out search, the number of
distractors (the items in the display that are not the
target) has a minimal effect on response times (RTs).
Difficult search is the label given to slower target detec-
tion for which RT increases markedly with the number
of items in the display. The goal of this paper is to
elucidate the mechanisms responsible for pop-out
search, and to measure their interactions with the mech-
anisms responsible for difficult search.
Some target-distractor relationships afford pop-out
search; others do not. To characterize these relation-
ships, researchers can describe stimulus features as
points in space. For example, with stimuli that differ on
the basis of color only, the colors can be located in a
three-dimensional space (with dimensions that corre-
spond to luminance, hue and saturation; Wyszecki &
Stiles, 1982). Pop-out search is possible for a target
whose color can be segregated from the colors of all
distractors by a plane, in this stimulus space. Such
displays are linearly separable (D’Zmura, 1991; Bauer,
Jolicoeur & Cowan, 1996, 1998, 1999). Pop-out search
is not possible for targets that are not linearly separa-
ble; difficult search results for these targets.
The rapid completion of pop-out search makes it
tempting to imagine that it occurs all-or-none, homoge-
neously across the visual field (see Treisman & Gelade,
1980; Wolfe, 1994). However, pop-out and difficult
search are both faster for foveal targets than for more
peripheral targets (Carrasco, Evert, Chang & Katz,
1995; Carrasco & Frieder, 1997; Wolfe, O’Neill &
Bennett, 1998). In addition, it has been suggested that
pop-out could develop over time (Wolfe, Cave &
Franzel, 1989; Wolfe, 1994). If pop-out does develop
gradually, it should be possible to interrupt it and
measure performance at intermediate stages of process-
ing. In addition, if pop-out does develop gradually, a
second question is whether partially completed pop-out
* Corresponding author. Tel.: 1-519-8840710, ext. 3040.
E-mail address: eolds@wlu.ca (E.S. Olds)
0042-6989:00:$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
PII: S00 4 2 -6989 (99 )00248 -5
E.S. Olds et al. : Vision Research 40 (2000) 891–912892
is mute or provides preliminary information to other
search processes. Finally, various authors have argued
against a clean pop-out:difficult search dichotomy (see
e.g. Wolfe, 1998). If there is indeed more of a contin-
uum than a dichotomy, or if there is some overlap in
processing, we might expect information to be shared.
The experiments described in this paper measure the
progress of the mechanisms responsible for pop-out
search, after the onset of a stimulus, by interrupting
these mechanisms before they have a chance to com-
plete processing. The initial stimulus is a display con-
sisting of 18 distractors of one color (D1), filling half
the positions in a 66 matrix. A target of color T
replaces one of the distractors on half the trials. Be-
cause this display is linearly separable (a target color is
always linearly separable from one distractor color
only), it allows detection by the mechanisms responsible
for pop-out search. After a delay (the stimulus onset
asynchrony, or SOA), 18 distractors of a second color
(D2) are added to the empty matrix locations. The
second distractor color, D2, is chosen so that the target
is not linearly separable from D1 and D2 (T lies
between D1 and D2 in color space). Therefore, after the
onset of the D2 distractors, pop-out search is not
possible, and if the target has not already been detected
it can now only be found by the mechanisms that
mediate difficult search.
Other experiments have manipulated or measured the
time-course of visual search in a variety of ways. Wat-
son and Humphreys (1997), for example, compared
search in a standard conjunction search display with
search in a similar display for which half the distractors
had been previewed for 1 s. They found that observers
could ignore the previewed distractors to a large extent
and appeared to search only the new items in the
conjunction display. The experiments described in this
paper also change the search display during a trial, but
they do so in order to mask the display (to interrupt
pop-out processing), rather than in order to assist
processing by a sort of prime. McElree and Carrasco
(1999) measured the time-course of search by present-
ing search displays and forcing observers to respond
after a certain amount of time. McElree and Carrasco’s
technique measures how long search takes, and it is
useful for distinguishing the effects of different stimulus
variables on different components of search; the mea-
surements taken with this technique reflect both percep-
tual, motor, and other non-perceptual components of
processing.
The new technique described in this paper allows us
to measure the smallest SOA that still allows pop-out
search on all trials. The amount of time that the second
set of distractors must wait, so that their appearance
does not interrupt pop-out, places an upper bound on
how long pop-out takes to complete. The experiments
described below show that the perceptual component of
pop-out is completed in about 200 ms or less. RTs for
pop-out search tend to be on the order of 500 ms;
however, measurements of overall RT clearly include
motor and other non-perceptual components. What is
powerful about the technique described in this paper is
that it measures the duration of the perceptual portion
of pop-out search, without including motor and other
non-perceptual components.
The technique also allows us to ascertain whether
partial pop-out can inform other, slower search pro-
cesses. That is, when on a given trial pop-out does not
complete (for example, for an SOA of 100 ms), can its
partial computations (if there are any) be used to guide
other search mechanisms? Although the mechanisms
that mediate pop-out search cannot detect a target in a
display that is not linearly separable, other search
mechanisms (those responsible for difficult search) are
not thwarted by the addition of the D2 distractors.1
Can these mechanisms use any information gathered by
incomplete pop-out search? Analysis of the RT distri-
butions of conditions with different SOAs shows that
useful information is indeed created in partial pop-out,
and that it does guide difficult search.
Experiment 1 demonstrated the basic phenomenon,
the assistance of difficult search by partial pop-out.
Next, Experiments 2–6 validated the technique and
ruled out several alternative interpretations of the pat-
terns of data. Experiment 2 replicated Experiment 1
with intermixed, rather than blocked, presentation of
different SOAs, demonstrating that the effect may oc-
cur bottom-up. Experiment 3 was similar to Experi-
ment 2 but with shorter SOAs, and the results
demonstrate that the effect occurs with as little as 33 ms
of presentation of the simple linearly separable display.
Experiments 4 and 5 investigated the effect of adding
more D1 distractors when the display changed (as
opposed to adding D2 distractors), testing the effect on
performance of interruption per se (without disruption
of linear separability). The addition of extra elements
when the display changed disrupted performance mini-
mally, if (as in Experiment 4 and some trials of Exper-
iment 5) the second portion of the display was linearly
separable. Therefore, in Experiments 1–3 we can con-
clude that the onset of extra distractors (D2 distractors
added when the display changed) interrupted pop-out
search because of the relationship between stimulus
colors, and not because onsets per se are disruptive.
Experiment 6 controlled for the number of distractors,
and number of stimulus colors, in the first and second
portions of the display (before and after the display
change). This experiment yielded similar results to the
previous experiments, which indicates that the disrup-
tion of pop-out when the second set of distractors are
1 Although RT increases for each new distractor, the target can still
be found reliably.
E.S. Olds et al. : Vision Research 40 (2000) 891–912 893
added is due to the relationship of colors in the stimu-
lus, rather than the number of items in the display, or
the number of colors in the display. Finally, given the
extensions supplied by Experiments 2–6, Experiment 7
investigated what kind of information is transmitted
from partial pop-out to difficult search. In Experiment
7, the target was moved when the second set of distrac-
tors were added, and the results demonstrate the impor-
tance of spatial location information in the processes
that perform visual search.
2. Experiment 1
The purpose of Experiment 1 was to replicate the
experiment of Olds, Cowan and Jolicoeur (2000), which
included data for just one observer (EO). In that exper-
iment, and in Experiment 1, trials with different SOAs
were presented blocked, so that the observer always
knew what SOA to expect. The SOAs were 0, 50, 100,
150, 200, 250, 300, 1000 ms, and a condition (‘SOA
’) in which the second part of the display never
appeared.
2.1. Method
2.1.1. Obser6ers
Two females and five males (AJ, CM, CP, DS, LS,
MT, and SM), ages 21–28, participated. They had
normal color vision as measured by Ishihara plates, and
they were paid for participation.
2.1.2. Equipment
The experiments were run on a Macintosh Power-
Mac 6100 computer, using MATLAB software and
Brainard’s (1997) Psychophysics Toolbox routines. The
stimulus colors were calibrated using a Minolta
Chroma Meter CS-100, using the technique described
by Olds, Cowan and Jolicoeur (1999b).
2.1.3. Stimuli
Experimental stimuli were colored disks measuring 8
mm in diameter (0.75° visual angle), on a near-gray
background (CIE chromaticity x, y0.270, 0.320). The
disks and background were equiluminous (25 candelas:
m2). The target was orange; its chromaticity coordi-
nates were x, y0.416, 0.364. The distractor
chromaticities are discussed below.
The stimulus contained 18 distractors of each of two
distractor colors. If the target was present, it replaced
one of the distractors. The colored disks appeared in a
66 grid (7.6° across). On each trial, the disk locations
were randomly perturbed up to one-seventh of a disk
diameter both horizontally and vertically. The target
could appear at any of the possible grid locations,
except for the four corners.
2.1.4. Selection of color stimuli
Stimulus colors were chosen in CIELu6 space be-
cause distances in this space correspond to perceptual
differences between colors (see Bauer et al., 1996).
CIELu6 coordinates for the background and target
were (100, 0.207, 0.472) and (100, 0.255, 0.501), respec-
tively. The two distractor colors D1 and D2 were a
pinkish-orange and a yellowish-orange. They were cho-
sen to fall on a line in CIELu6 color space, collinear
with the target and one on either side of it (the same
distance away); see Fig. 1. The target, lying between the
two distractors in color space, was not linearly separa-
ble from them. In these conditions, search for the target
is difficult (see Bauer et al., 1996, for discussion).
The choice of target-distractor distance depended on
the sensitivity of the observer. For the experiment to
yield interesting results for each observer, the distrac-
tors had to be different enough from the target color so
that search for the target among distractors of either
color (homogeneous search) was easy. That is, the
colors had to be sufficiently discriminable. At the same
time, the distractors had to be similar enough to the
target so that search for the target among distractors of
both colors (heterogeneous search) was maximally
difficult (Bauer et al., 1996). For each observer there is
a limited range of target-distractor distances which
maximizes the difference in difficulty between homoge-
neous and heterogeneous search. To find the correct
range, we presented each observer with several test
sessions before the actual experiments. In these ses-
sions, the observer completed a number of search trials
with stimuli composed of the target (on half the trials)
and distractors at a variety of target-distractor dis-
tances in color space, ranging from quite short (similar
Fig. 1. Experiments 1–7. Stimulus colors plotted in CIELu6 space (u,
6 coordinates only). Target (T) and background (BG) color were the
same for all observers. Plotted here are the distractor colors (D1, D2,
D3) used for most of the observers (AJ, CM, CP, EO, LS; see Table
1).
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Table 1
Stimulus color coordinatesa
y ux L 6Y
25.0Background 0.4720.207100.00.3320.327
100.0 0.255Target 25.0 0.416 0.5010.364
0.261100.00.3510.416 0.49525.0D1AJ, CM, CP, EO, LS
100.0 0.249D2 25.0 0.416 0.377 0.507
100.0 0.243D3 25.0 0.388 0.348 0.489
0.353 100.0 0.260 0.496MT, SL (closer) D1 25.0 0.416
100.00.3750.41625.0D2 0.5060.250
0.39325.0D3 0.350 0.491100.0 0.245
0.4920.264100.00.345SM, WW (farther) 0.41625.0D1
0.384 100.0 0.246D2 0.51025.0 0.416
0.340 100.0 0.237D3 0.48325.0 0.374
0.347 0.263100.0 0.4930.416DS (farther) D1 25.0
25.0 0.416 0.382 100.0 0.247 0.509D2
a Not all observers listed here participated in all seven experiments. The distractor color D3 was used only for Experiment 6; observer DS did
not participate in Experiment 6.
colors) to quite long (very different colors). After sev-
eral such sessions for a given observer, the experimenter
selected a target-distractor distance that seemed likely
to yield a large difference in RT between homogeneous
and heterogeneous search. Each observer completed a
total of at least 1000 trials in these sessions.
For most of the observers one of four quite similar
pairs of distractor colors was chosen (see Table 1; note
that the differences between the colors for most observ-
ers are quite small).
2.1.5. Design
Each testing session consisted of nine blocks (one for
each SOA) of 64 trials each (32 target positions crossed
with present:absent). A pseudo-random ordering of
trials prevented runs of more than three consecutive
trials with target present or target absent and runs of
more than four consecutive trials with the same target
position.
2.1.6. Procedure
A white fixation stimulus initiated each trial. The
fixation was a ‘ ’ sign for the first trial. On subsequent
trials, the fixation was a ‘ ’ following a correct re-
sponse and a ‘ ’ following an error. The fixation
appeared for 400 ms, followed by a blank screen for
400 ms. The stimulus array was then displayed, remain-
ing on the screen until the observer responded by
pressing a key. Each block of 64 experimental trials was
preceded by ten practice trials.2 Before each testing
session, the observer dark adapted for several minutes
in the dimly illuminated experimental room.
RT results are more straightforward to understand
and compare if the corresponding error rates are similar
across conditions. After each session, the experimenter
examined the observer’s error rates for the different
SOA conditions. If the error rates were particularly
high for a given condition (usually the conditions with
short SOAs), the experimenter instructed the observer
to try to bring the error rates down for that condition
or range of conditions (e.g. ‘trials with short SOA’).
This instruction occurred for all the experiments re-
ported in this paper.
Each observer completed six sessions for a total of
3456 experimental trials, except for observer SM who
completed five sessions for a total of 2880 trials and
observer AJ who completed eight sessions for a total of
4608 trials.3
2.2. Results and discussion
A recursive outlier screening procedure (described in
Van Selst & Jolicoeur, 1994) eliminated outliers from
each of the 18 conditions (9 SOAs times present:ab-
sent). This procedure eliminated 4.3, 3.4, 2.6, 3.3, 4.1,
2.6, and 2.5% of correct trials based on their RTs for
observers AJ, CM, CP, DS, LS, MT, and SM, respec-
tively. Analyses are reported for the screened data only.
3 The data reported for observer LS are in fact those for her second
set of experimental sessions. She first participated in six sessions with
distractor colours that, after practice, turned out to make search too
easy (target-distractor distance was too large; heterogeneous search
was only minimally slower than homogeneous search). The experi-
ment depends on having heterogeneous search significantly slower
than homogeneous search. Therefore, observer LS’s distractor
colours were then moved closer to the target colour, and she was
tested in another six sessions with the new colours (see Table 1). The
data reported for Experiments 1–7 are those collected using the more
difficult colours.2 Olds et al. (2000) used 15 rather than ten practice trials.
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Fig. 2. Experiment 1. (a) Mean RT and percent error plotted against SOA, for target-present (filled circles) and target-absent (empty circles) trials.
Means across the seven observers are shown, error bars show one standard error above and below the mean, between subjects. (b) Mean RT and
percent error plotted against SOA, for target-present trials, for targets appearing in four orbits (approximately 0.8, 1.9, 2.9, and 3.4° eccentricity
from fixation). Means across the seven observers are shown, error bars show one standard error above and below the mean, between subjects.
We focus our analysis on correct responses to target-
present trials (detections) because strategies for re-
sponse to target-absent trials are believed to be more
varied (see e.g. Chun & Wolfe, 1996). Detection RT
decreased with increasing SOA until an SOA of 1000
ms, at which mean RT performance was similar to that
in the pop-out control condition ‘SOA’ (see Fig.
2a for group means).
The hypothesis we test is that there are no interac-
tions between the mechanisms responsible for pop-out
and difficult search. Fig. 3 shows the RT distributions
for the different SOA conditions for one observer in
Experiment 1, and it helps to illustrate our approach.
The overview for the logic of our approach is as
follows. If there were no interactions between pop-out
and difficult search, the intermediate SOA RT distribu-
tions would be formed by sampling from the pop-out
control RT distribution (trials where pop-out detected
the target before interruption; bottom panel of Fig. 3)
and from the difficult search control RT distribution
(trials where pop-out failed to detect the target before
interruption, and therefore difficult search then detected
it, top panel of Fig. 3). The question we will be asking,
for each intermediate distribution, is whether it might
plausibly have been created by such a combination of
the two control distributions. For the ‘SOA100’ RT
distribution in Fig. 3, for example, there are more fast
RTs (leftmost portion of the distribution) than for the
‘SOA0’ RT distribution. In the case of a pure combi-
nation of the two control distributions, we could imag-
ine that these points in the histogram represented trials
where pop-out detected the target. However, most of
the RTs for SOA100 are longer than pop-out RTs,
and we can imagine that these represent the trials for
which pop-out failed to detect the target before inter-
ruption. We ask whether this portion of the ‘SOA
100’ distribution looks like a scaled copy of the
‘SOA100’ distribution or not. It seems not to, in that
there appear to be more short RTs and fewer longer
RTs (even if we remove from consideration the fastest
RTs which could be pop-out RTs) in the ‘SOA100’
distribution than in the ‘SOA0’ distribution. What
follows is a technique that allows us to be more quanti-
tative in making this distinction.
Fig. 3. Experiment 1. RT distributions for one observer (CM), for the
different SOA conditions. There are roughly equal numbers of obser-
vations in each histogram.
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Fig. 4. Experiment 1. Proportion difficult search (l) as a function of
SOA, calculated separately for each of four moments. Shown is an
average of the results from the seven observers.
stimulus onset, and proceed independently without in-
teracting, and whichever process completes first pro-
vides the response. Imagine, for a given intermediate
SOA, that pop-out search succeeds on 70% of the trials.
According to the race model, that intermediate RT
distribution results from combining 70% pop-out search
(the pop-out search distribution scaled by a factor of
0.7) with 30% difficult search.4 It follows that the
moments of this intermediate distribution will be in
these same proportions as well. In other words, the first
moment will be equal to (0.7x1(SOA)0.3x1(SOA0)).
Likewise, the second moment will be (0.7x2(SOA)
0.3x2(SOA0)), and so on.
We define a mixing parameter, l, to be the propor-
tion of trials where the difficult mechanism finds the
target (under the independent race hypothesis). We
define l to be 1 when SOA0, because pop-out does
not operate in a display that is not linearly separable;
l0 in the pop-out control condition (SOA). We
expect that with increasing SOA (i.e. increasing expo-
sure to the linearly separable display), pop-out will
succeed on an increasing number of trials and l will
decrease. We can estimate l, the proportion of difficult
search, separately for each of the moments, for each of
the intermediate distributions. By the independent race
hypothesis, at any particular SOA, each moment will be
combined in the same proportion. We calculated l for
each moment, for each intermediate RT distribution
(i.e. each SOA), by solving the following equation:
x (SOA)j l (SOA)j x (SOA0)j  (1l (SOA)j ) x (SOA)j (2)
for 05l j51. That is, each moment for the intermedi-
ate distribution x (SOA)j is a weighted average of the two
control moments (x (SOA0)j and x (SOA)j ) with weights
l and (1l), respectively.
Fig. 4 shows l calculated for each intermediate RT
distribution, plotted separately for each of the first four
moments. The figure shows the results for the six
observers averaged together. It is clear that l varies
with SOA differently for the different moments. There-
fore, the RT distributions for intermediate SOAs are
not probability mixtures of the two control distribu-
tions. The results suggest strongly that information
acquired while T is linearly separable from D1 helps to
guide search after D2s are added, and search becomes
difficult.
Furthermore, the variation is systematic: l falls faster
with SOA for higher moments than for lower moments.
Higher moments describe properties of the tails of
distributions, and our distributions tend to be right-
We examine the RT frequency distributions to test
hypotheses about the interaction between different
kinds of search processes. For each observer, the
‘SOA0’ control condition yielded the RT frequency
distribution for pure difficult search; the ‘SOA’
control condition yielded the RT frequency distribution
for pure pop-out. We compare the intermediate condi-
tions’ RT distributions to the pop-out and difficult
search control distributions as follows (Olds et al.,
2000). We ask whether each intermediate distribution
can be expressed as a convex combination (linear com-
bination with non-negative coefficients) of the two con-
trol distributions, using a technique described below. If
the intermediate distributions are in fact combinations
of the control distributions, this indicates that the
mechanisms responsible for pop-out and difficult search
are independent of each other and operate without
interacting (as in race models and mixture models; see
Olds et al., 2000, for discussion). Otherwise the data
provide evidence for interaction between pop-out and
difficult search.
We begin by characterizing each RT distribution by
its first four moments. Distributions are commonly
described by their moments, in particular by the lower
moments (because higher moments are less reliable; see
e.g. Brunk, 1975). The jth moment, x j, is
x j
%
N
i1
(xij)
N
(1)
The first moment x j is the sample mean. The second,
third, and fourth moments (x2, x3, x4) are related (but
not identical) to the variance, skewness, and kurtosis,
respectively. We use the moments rather than the actual
distributions because they are sufficient to determine
whether an intermediate distribution is a convex combi-
nation of the control distributions. Imagine a race
model where pop-out and difficult search begin at
4 In a race model, the process to finish first provides the response.
So technically this is the minimum of the two distributions. However,
since the pop-out distribution is quite narrow compared to the
difficult search distribution, and the two overlap minimally, this
simplification suffices.
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tailed. The pattern in the ls shows that the right tail of
the RT distribution shrinks with increasing SOA faster
than the mean of the distribution does, indicating that
the slowest trials are being disproportionately sped up
as SOA is increased. This is possible only if incomplete
pop-out search assists difficult search in some way.
To investigate this assistance further, we separated
detection RTs based on the eccentricity of the target.
Detection RTs for targets appearing in four circular
orbits, roughly 0.8, 1.9, 2.9, and 3.4° eccentricity from
fixation, are plotted in Fig. 2b.
At SOA0, the advantage for inner orbits is simply
a replication of the eccentricity effect (Carrasco et al.,
1995; Carrasco & Frieder, 1997; Wolfe et al., 1998) for
difficult search for color targets. At SOA, we
replicate Carrasco et al.’s (1997) finding of an eccentric-
ity effect for pop-out search, although the effect is small
and is divided between the error data and the RT data.
At intermediate SOAs, the advantage of proximity to
fixation is evident from lower RTs for targets nearer
fixation than for those farther from fixation.
2.3. Monte-Carlo simulations
The independent race model predicts overlapping ls
for intermediate SOA conditions. We combined boot-
strapping methods with Monte-Carlo simulation, using
a typical data set from Experiment 1, to show that
convex combinations of the empirical pop-out and
difficult search control conditions yield ls calculated
from the first four moments that are almost identical,
unlike what we found empirically.
The data from one observer, CM, were chosen. The
empirically obtained pop-out control RT distribution
(‘SOA’) for observer CM contained 168 data
points and the difficult search control distribution con-
tained 174 data points (after outliers were removed). 85
RTs were sampled with replacement from the pop-out
distribution, and 85 RTs were sampled from the
difficult distribution; these 170 data points were com-
bined for a predicted intermediate distribution. This
arbitrarily chosen sampling was meant to simulate
roughly a situation in which pop-out succeeded on 50%
of trials. The first four moments for the actual pop-out
and difficult search distributions, and for the simulated
intermediate distribution, were calculated. Then l, the
proportion of difficult search, was calculated for each
moment. This procedure was repeated 1000 times. The
mean ls are presented in Fig. 5a (the point representing
50% sampling from the pop-out distribution); they
clearly coincide, unlike the ls derived from the empiri-
cal data from intermediate SOA conditions (Fig. 4).
Therefore, using the data from our control conditions,
we have shown that linear combinations of the control
distributions tend to produce overlapping ls, unlike
those shown in Fig. 4.
We also performed a modified Monte Carlo simula-
tion, where we sampled only from the left half of the
pop-out distribution (that is, the smaller RT values,
which might correspond to faster perceptual processing
as well as faster response processing, and thus they
might be more likely to finish before interruption by the
second set of distractors). We sorted the RTs and
sampled only from those less than the median RT. We
sampled from the entire difficult search distribution as
in the original simulation. For the race model simula-
tion, this biased sampling of the pop-out distribution
produced only a small change relative to unbiased
sampling, and the ls remained close to overlapping.
This makes intuitive sense because the pop-out distribu-
tion is quite narrow compared to the difficult search
distribution. In fact, the slight difference that we see is
that with this biased sampling, the ls were slightly
shifted towards the opposite direction from the pattern
of our data. That is, such a model also cannot account
for our data.
Second, we created a simulation based on a plausible
mixture model. In this model, as in the race model,
pop-out and difficult search each detect the target on
some proportion of the trials (half, in the simulation).
However, on the trials for which difficult search de-
tected the target, it was delayed by 100 ms (that is, the
RT was increased by 100 ms).5 This delay of 100 ms
caused ls for higher moments to lie above those for
lower moments, but by a very small amount (Fig. 5b).
Finally, to illustrate the pattern expected in the ls
when the delay for difficult search is large, we repeated
the above procedure but with an offset of 400 ms (again
for all difficult search trials). This is not plausible, given
that pop-out occurred within about 200–300 ms. How-
ever, it serves to illustrate the pattern of ls under a
mixture model (Fig. 5c), and to highlight that this
pattern is in the opposite direction to that found in
Experiment 1 (Fig. 4). The mixture model predicts l for
low moments closer to pop-out levels than l for high
moments. In addition to this simulation, Appendix A
demonstrates algebraically that a mixture model pre-
dicts l for low moments closer to pop-out levels than l
for high moments.
3. Experiment 2
Experiment 1 demonstrated that partial pop-out can
assist difficult search. However, in Experiment 1, the
SOA for a particular trial was expected, because SOAs
were presented blocked. It is possible that observers
5 This value was chosen because pop-out search takes about 200
ms; given that in this intermediate distribution pop-out fails on half
the trials, perhaps the SOA is in the range of 100 ms. However, this
choice is arbitrary and does not affect the results.
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Fig. 5. (a) Simulated intermediate RT distribution, according to the race model, based on difficult and pop-out search control data from observer
CM (Experiment 1). See text for further explanation. (b) Simulated intermediate RT distribution, according to mixture model. The delay imposed
upon the difficult search RTs is 100 ms. (c) Simulated intermediate RT distribution, according to mixture model. The delay imposed upon the
difficult RTs is 400 ms.
developed a search strategy based on knowing when the
second set of distractors would appear. That is, they
could choose a set that would optimize their perception
for the precise stimulus timing (SOA). Experiment 2
extended Experiment 1 by presenting trials with different
SOAs intermixed rather than blocked. Similar results for
Experiments 1 and 2 would indicate that the assistance
of difficult search by incomplete pop-out is robust; they
would also indicate that strategies based on knowing the
SOA for the next trial are not the cause of the interac-
tions we found between pop-out and difficult search, in
Experiment 1.
3.1. Method
3.1.1. Obser6ers
Observers AJ, CM, CP, LS, MT, and SM participated
in Experiment 2 (as well as, and after, Experiment 1),
along with observers EO (female, 28 years old, normal
color vision, author) and SL (female, 21 years old,
normal color vision, paid).
3.1.2. Stimuli
The stimuli were the same as those used in Experiment
1 (see Table 1).6
3.1.3. Design
The design was the same as that for Experiment 1,
6 Several observers participated in a version of Experiment 2, in
which D1 and D2 distractors were reversed (that is, D2 distractors
appeared with the target from the beginning of the trial, and D1
distractors were added at the SOA). The experiment produced quali-
tatively similar results to Experiment 2. Further investigations could
examine the effects of beginning the trial with one set of distractors or
the other; Jolicoeur, Olds and Cowan (1999) did just this for a
conjunction search task.
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Fig. 6. Experiment 2. (a) Mean RT and percent error plotted against SOA, for target-present (filled circles) and target-absent (empty circles) trials.
Means across all observers are shown. (b) Mean RT and percent error plotted against SOA, for target-present trials, for targets appearing in four
orbits (approximately 0.8, 1.9, 2.9, and 3.4° eccentricity from fixation).
except that trials with different SOAs were presented
intermixed rather than blocked.
3.1.4. Procedure
The procedure was the same as that for Experiment
1, except that trials were presented in blocks of 576
experimental trials preceded by ten practice trials. Each
observer completed six blocks of trials, for a total of
3456 trials, except for observer LS, who completed five
blocks of trials for a total of 2880 trials and observer
SM, who completed four blocks of trials for a total of
2304 trials. During each experimental session, the ob-
server was given a self-paced rest period every 50
experimental trials.
3.2. Results and discussion
The recursive outlier screening procedure eliminated
2.3, 4.1, 2.5, 5.6, 4.3, 3.0, 1.8, and 3.0% of trials for
observers AJ, CM, CP, EO, LS, MT, SL, and SM,
respectively.
The results were similar to those from Experiment 1,
as can be seen in Fig. 6a. Dete1ction RT decreased with
increasing SOA. In Experiment 2, however, detection
RT with SOAs as small as 150–200 ms was indistin-
guishable from RT in the pop-out control condition
‘SOA’. This improvement in performance could
have been due to practice, as most observers partici-
pated in Experiment 2 after Experiment 1.
The ls for high moments fell faster with SOA than
the is for low moments, as shown in Fig. 7, demonstrat-
ing again that incomplete pop-out assists difficult
search. The consistency in this pattern across Experi-
ments 1 and 2 supports the generality of this finding.
Detection RT tended to increase with orbit, for
difficult search (SOA0) (see Fig. 6b), although the
RTs for orbit 3 and orbit 4 are the same. In addition,
with increase in SOA, detection RT for targets in inner
orbits tended to be lower and to reach pop-out levels
before detection RT for targets in outer orbits. By the
SOA at which pop-out performance is attained, RTs
for the different orbits tended to converge; however,
even at ‘SOA’ a slight RT advantage for inner
orbits remains.
The similarity in the patterns of results across Exper-
iments 1 and 2 indicates that the results of Experiment
1 were not caused by special strategies induced by the
trials blocked by SOA. Olds, Cowan and Jolicoeur
(1999a) demonstrated that under conditions of stimulus
uncertainty (the color of distractors changed from trial
Fig. 7. Experiment 2. Proportion difficult search (l) as a function of
SOA, calculated separately for each of four moments. Shown is an
average of the results from all observers.
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Fig. 8. Experiment 3. (a) Mean RT and percent error plotted against SOA, for target-present (filled circles) and target-absent (empty circles) trials.
Means across all observers are shown. (b) Mean RT and percent error plotted against SOA, for target-present trials, for targets appearing in four
orbits (approximately 0.8, 1.9, 2.9, and 3.4° eccentricity from fixation).
to trial) the classifier required for pop-out search could
be determined bottom-up. In the experiments reported
here, the distractors are the same from trial to trial but
the temporal dynamics of stimulus presentation vary; it
appears that top-down knowledge is not necessary for
handling these uncertain dynamics either.
4. Experiment 3
Experiments 1 and 2 suggested that as little as 50 ms
of exposure to the linearly separable display improved
difficult search performance (in particular, see Fig. 6a).
Experiment 3 was designed to investigate how brief an
exposure could produce an improvement, and, more
importantly, to investigate the effect of partial pop-out
on difficult search when exposure to the linearly separa-
ble display was extremely brief.
4.1. Method
4.1.1. Obser6ers
Observers CM, CP, EO, LS, and MT participated
(after participating in Experiments 1 and 2).
4.1.2. Stimuli
The stimuli were the same as those used in Experi-
ments 1 and 2.
4.1.3. Design
The design was the same as that for Experiment 2,
with trials with different SOAs presented intermixed.
However, the SOAs were shorter: 0, 17, 33, 50, 67, 83,
100, and 133 ms, along with the ‘SOA’ control
condition.
4.1.4. Procedure
The procedure was the same as that for Experiment 2,
but 30 practice trials preceded each session of 576 trials.
Observer EO completed three sessions, for a total of
1728 experimental trials. Observers CM and CP com-
pleted four sessions, for a total of 2304 experimental
trials each. Observers LS and MT completed five ses-
sions, for a total of 2880 experimental trials each.
4.2. Results and discussion
The recursive outlier screening procedure eliminated
2.0, 2.7, 2.5, 2.4, 1.6% of trials for observers CM, CP,
EO, LS, and MT, respectively.
Fig. 8a shows that about 50 ms SOA is necessary for
noticeable improvement above SOA0. However, Fig.
9 shows that the ls are ordered in the usual pattern with
as little as 33 ms SOA. Only the 17 ms SOA condition,
the shortest we can create on our equipment, produces
a reversal in the pattern in the ls (which could be due
to noise). That is, even 33 ms SOA of partial pop-out
information can be used to guide difficult search.
Fig. 8b shows the development of pop-out with SOA
for targets appearing in the different orbits. This pattern
is similar to that found in Experiments 1 and 2.
5. Experiment 4
The results of Experiments 1–3 suggest that pop-out
search can proceed until the onset of the second set of
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distractors. Initially the target (T) appears among
distractors of only one color, and thus T is linearly
separable from the distractors, and search is rapid.
When the second set of distractors is turned on,
however, onset of more items disrupts processing. We
intended this onset to disrupt processing by rendering
the target not linearly separable from the suddenly
expanded set of distractors. However, the onset of
additional items could disrupt processing in other ways.
For example, they could startle the observer. In
addition, the post-SOA stimulus contained twice as
many items as the pre-SOA stimulus. The number of
items in a display can affect search RT (although
generally not for pop-out search). Finally, perhaps the
creation of new object items (colored disks where gray
background had been) sometimes captures attention.
Therefore we investigated the effects of this onset,
decoupling it from linear separability. Experiment 4
measured the disruptive effects of the onset of more
stimuli, without disrupting linear separability in the
display. Before the onset of the additional distractors,
the target appeared (on 50% of trials) among D1
distractors, as in Experiments 1–3. Some time later, at
various SOAs, more Dl distractors were added.
5.1. Method
5.1.1. Obser6ers
Observers AJ, CM, EO, LS, and SL participated.
5.1.2. Stimuli, design and procedure
The stimuli, design, and procedure were the same as
for Experiment 2, except that when more distractors
were added, they were the same as those in the first
display (more D2s), such that the target remained lin-
early separable from the distractors.
Each observer participated in two sessions of 576
experimental trials (each preceded by 20 practice trials),
for a total of 1152 experimental trials.
5.2. Results and discussion
The outlier screening procedure eliminated 4.7, 2.2,
4.4, 3.2, 0.9% of trials for observers AJ, CM, EO, LS,
and SL, respectively.
The effect of onset was minimal (see Fig. 10): mean
RT was close to constant across SOA. Therefore nei-
ther the moments nor the analysis by orbit reveals
much about the data, and so they are not presented.
Experiment 4 demonstrates that the disruption of
pop-out search, in Experiments 1–3, is not due to the
onset of more distractors, per se, but is rather due to
the relationship between the target color and the dis-
tractor colors. Experiment 5 was designed to compare,
within one experiment, trials from Experiment 4 (more
D1 distractors added) and trials from Experiment 2 (D2
distractors added).
6. Experiment 5
It is possible that in Experiment 4, observers were
influenced by knowing what kind of stimulus each trial
would present. That is, when more D1 distractors were
added, the lack of performance decrement could have
been due to expectations of the observers, some sort of
top-down planning for this particular type of trial.
Experiment 5 investigated this possibility, comparing
within one experiment the addition of D1 stimuli to the
Fig. 9. Experiment 3. Proportion difficult search (l) as a function of
SOA, calculated separately for each of the four moments. Shown is
an average of the results from the five observers.
Fig. 10. Experiment 4. (a) Mean RT and percent error plotted against
SOA, for target-present (filled circles) and target-absent (empty cir-
cles) trials. Means across all observers are shown. (b) Mean RT and
percent error plotted against SOA, for target-present trials, for targets
appearing in four orbits (approximately 0.8, 1.9, 2.9, and 3.4° eccen-
tricity from fixation).
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addition of D2 stimuli. Trials with D1 distractor or D2
distractor onsets were presented intermixed, and trials
with different SOAs were intermixed as well. Therefore,
observers could not prepare for one kind of trial or the
other with much success.
Trials with D1 distractors added were expected to
replicate Experiment 4; trials with D2 distractors added
were expected to replicate Experiment 2. Successful
replication would indicate that uncertainty about the
nature of the search mechanisms that could operate
after the disruption (the mechanisms responsible for
pop-out versus those responsible for difficult search)
has a minimal effect on performance, which would
support the notion that the mechanisms are selected
bottom-up. Otherwise we would have evidence for the
importance of top-down expectation in the interaction
of pop-out and difficult search.
6.1. Method
6.1.1. Obser6ers
Observers AJ, CM, EO, LS, and SL participated.
6.1.2. Stimuli
Half of the stimuli (‘D1-added’) were the same as for
Experiment 4, with D1 stimuli added at the various
SOAs. The other half of the stimuli (‘D2-added’) were
the same as for Experiments 1–3, with D2 stimuli
added at the various SOAs.
6.1.3. Design
The SOAs were the same as in Experiment 4. Presen-
tation of the different SOAs and of D1-added and
D2-added trials was intermixed.
6.1.4. Procedure
The total number of trials for a complete set of 32
target positions, crossed with present:absent and with 9
SOAs and with D1-added:D2-added, was 1152. For
experimental sessions of 576 trials, a randomly selected
subset of 16 target positions appeared in each session,
with all the other factors completely represented in each
session. Otherwise, the procedure was the same as that
for Experiment 4, but 30 practice trials preceded each
session of 576 trials. Observers AJ, CM, EO, and LS
completed four sessions for a total of 2304 experimental
trials, and observer SL completed two sessions for a
total of 1152 experimental trials.7
6.2. Results and discussion
The outlier screening procedure eliminated 4.1, 3.3,
3.3, 2.1, 1.7% of trials for observers AJ, CM, EO, LS,
and SL, respectively.
The D1-added trials of Experiment 5 replicated Ex-
periment 4, in that the addition of more D1 distractors
at the SOA disrupted performance minimally (see Fig.
11a).
The D2-added trials of Experiment 5 replicated Ex-
periment 2, in that the addition of D2 distractors
interrupted pop-out search. As in Experiment 2, detec-
tion RT decreased with increasing SOA (see Fig. 11b).
Fig. 11c shows target-present trials for the D1-added
condition as a baseline for the D2-added condition.
Clearly, the disruption of pop-out search at short SOAs
in D2-added trials is not due to distractor onset, per se.
Rather, the results show that the disruption of pop-out
search is due to the relationship between target and
distractor colors after the addition of the second set of
distractors.
The distribution mixture analysis for D2-added trials,
based on moments, is shown in Fig. 12. These results
replicate the results of the earlier experiments. At 50 ms
SOA, however, the ls do not follow the pattern found
previously. It is likely that this deviation is due to noise.
It is also possible that partial information accrued in
the first phase of the trial assisted search in the second
phase when the SOA was 100 ms or longer, but that the
onset of additional distractors disrupted search when
the final display was not separable, with a shorter SOA
(50 ms). The uncertainty about the type of distractor
that would be added to the display could have caused
this disruption at very short SOAs. The current results
do not distinguish between these two possible
explanations.
7. Experiment 6
Experiments 4–5 demonstrated that the onset of
more stimuli in itself has a minimal impact on perfor-
mance. However, the stimulus contains different num-
bers of items, before and after the addition of the extra
distractors, in Experiments 1–5. It could be argued that
although linear separability is important, additional
disruptive factors related to onsets include: (1) change
in set size (number of items in the display); (2) the
creation of new object items (colored disks where blank
gray background had been)8; and (3) heterogeneity,
defined for our purposes as the number of colors in the
display. Therefore, in Experiment 6 both pre-SOA and
post-SOA stimuli contained 36 items. As in Experi-
ments 1–3, the initial display was linearly separable
while the final display was not. The initial display
7 Observer AJ completed one session of the experiment for which
the SOA0 errors were 50%. After this session he was instructed to
keep the errors for that condition down, and the data reported here
were collected.
8 Experiments 4–5 indicated that the creation of new items at the
SOA does not itself disrupt processing. Experiment 6 tests this
question in another way.
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Fig. 11. Experiment 5. Mean RT and percent error plotted against SOA, for target-present (filled circles) and target-absent (empty circles) trials.
Means across all observers are shown. Trials with onset of more (a) D1 or (b) D2 distractors. (c) Combined into one graph are hit RTs and hit
error rates for D1 added (unfilled symbols) and D2 added (filled symbols) trials.
contained the target T among distractors of color D1
and distractors of a new color D3, with D3 chosen such
that T was linearly separable from D1 and D3. The
final display was the same except that the stimuli that
began as color D3 changed to color D2 (without mov-
ing). That is, the only change at the SOA was that half
the distractors changed from color D3 to color D2.
Therefore, (1) the initial and final set sizes were equal,
(2) no new items were created when the initial display
changed to the final display, and (3) there were equal
numbers of distractor colors in the initial and final
stimuli.
7.1. Method
7.1.1. Obser6ers
Observers AJ, CM, EO, LS, and SL participated.
7.1.2. Stimuli
Before the SOA, the display contained 18 distractors
of color D1 and 18 distractors of color D3 (on 50% of
trials one D1 distractor was replaced by the target). At
the SOA, the D3 distractors changed from color D3 to
color D2. Distractor color D3 was chosen so that T was
linearly separable from D1 and D3 (D3 was twice as far
E.S. Olds et al. : Vision Research 40 (2000) 891–912904
Fig. 12. Experiment 5. D2-added trials. Proportion difficult search (l)
as a function of SOA, calculated separately for each of four moments.
Shown is an average of the results from the five observers.
Fig. 14. Experiment 6. Proportion difficult search (l) as a function of
SOA, calculated separately for each of four moments. Shown is an
average of the results from the five observers.
Fig. 13. Experiment 6. (a) Mean RT and percent error plotted against SOA, for target-present (filled circles) and target-absent (empty circles)
trials. Means across all observers are shown. (b) Mean RT and percent error plotted against SOA, for target-present trials, for targets appearing
in four orbits (approximately 0.8, 1.9, 2.9, and 3.4° eccentricity from fixation).
away from T as D1 and D2 were, in CIELu6 space; see
Fig. 1), but D2 was the same as in the previous
experiments, so that T was not linearly separable from
D1 and D2.9
7.1.3. Design
Presentation of trials with different SOAs was
intermixed.
7.1.4. Procedure
The procedure was the same as that for Experiment
4, but with 30 practice trials preceding each session of
576 experimental trials. Observers EO, AJ, and SL
completed two sessions for a total of 1152 experimental
trials; observer LS completed four sessions for a total
of 2304 experimental trials; observer CM completed six
sessions for a total of 3456 experimental trials.
9 For Experiment 6, the same colours were used for observer SL as
were used for most of the other observers (rather than the colours
reported in Table 1). Initial testing showed that observer SL’s search
for T in D1 and D3 was slow, using the D1 chosen for her for
Experiments 2–5 (chosen quite close to T because her colour sensitiv-
ity was high), and using D3 chosen to be twice that distance away
from the target, in another direction (the same way D3 was chosen
for the other observers, as in Figure 1). Although T is linearly
separable from D3 and D1, the original colours for observer SL were
all so similar that search was slowed and pop-out RTs for search in
D1 and D3 were not possible.
E.S. Olds et al. : Vision Research 40 (2000) 891–912 905
7.2. Results and discussion
The outlier screening procedure eliminated 2.7, 4.2,
2.5, 2.1, 3.6% of trials for observers AJ, EO, CM, LS,
and SL, respectively.
The pattern of data is similar to that for Experiment
2 (intermixed presentation; blank spaces in display
array turn into D2 distractors). Mean detection RT
decreased to pop-out levels by 150–200 ms (Fig. 13a)
and was lower for targets in inner orbits (Fig. 13b).
High moments fell to pop-out levels with increasing
SOA faster than low moments (Fig. 14).
The similarity in results between Experiment 2 and 6
indicates that partial pop-out assists difficult search
even when the initial and final stimuli have equal set
sizes and equal numbers of colors, and even when no
new items are created.
8. Experiment 7
How does partial pop-out help difficult search? Is
spatial information transferred from the mechanisms
responsible for pop-out to the mechanisms responsible
for difficult search? For example, does partial pop-out
indicate locations in which the target is likely (or un-
likely) to be? If so, mo6ing the target should eliminate
the assistance partial pop-out gives difficult search.
In Experiment 7, when the D2 distractors were added
to the display, the target mo6ed. Target-absent trials
were identical to those in Experiment 2 (intermixed
SOA). But on target-present trials, the target appeared
in one position until the addition of new distractors,
then it disappeared there and instantaneously appeared
in another position. If partial pop-out still helps
difficult search, despite the change in spatial position of
the target, this would demonstrate that the nature of
the helpful information is not likely to be spatial. If
partial pop-out ceases to help difficult search when the
target moves, this would demonstrate that the informa-
tion transferred in the previous experiments involves
the spatial location of the target.
At the beginning of the experiment, the observer was
informed that the target would move when the D2
distractors were added.
8.1. Method
8.1.1. Obser6ers
Observers CP, EO, LS, SL and SM participated,
along with observer WW (female, age 29, paid, normal
color vision).
8.1.2. Stimuli
The stimuli were the same as those for Experiment 2,
but the target position before the SOA was different
from the target position after the SOA; that is, the
target moved when the D2 distractors were added. If
the target moved to a location that had been filled with
a D1 distractor before the SOA, then a D1 distractor
replaced the target when it moved. If the target moved
to a location that had been empty, then a D2 distractor
replaced the target at its original position. Thus when
the target was present there were only 17 D1 distractors
in both the initial and final portions of the stimulus, as
in Experiments 1–6.
8.1.3. Design
Presentation of trials with different SOAs was inter-
mixed. Both position 1 (initial) and position 2 (final)
were randomized. Pseudo-random ordering of trials
prevented runs of more than three present or absent
trials and more than four trials with the same initial
target position (runs of final target position were not
controlled).
8.1.4. Procedure
The procedure was the same as that for Experiment
2, except that 30 practice trials preceded each session of
576 experimental trials. Observer EO completed two
sessions for a total of 1152 experimental trials; observ-
ers LS and SM completed four sessions for a total of
2304 experimental trials; observers CP and SL com-
pleted five sessions for a total of 2880 experimental
trials.
8.2. Results and discussion
The outlier screening procedure eliminated 4.4, 4.3,
3.3, 2.3, 1.9, 3.2 of trials for observers CP, EO, LS, SL,
SM, and WW, respectively.
RT decreased with increasing SOA (Fig. 15), but not
until 100 ms SOA. For the first time, ls estimated from
high moments did not fall before those estimated from
low moments (Fig. 16). Moving the target eliminated
the characteristic pattern in the ls, indicating that when
pop-out fails it does not assist difficult search.
Because the observers were informed that the target
would shift position when the second set of distractors
were added, it is necessary to consider the role that
strategic factors might play in Experiment 7. Certain
types of strategies would not be useful to an observer,
simply because of how quickly the events of the trial
progressed. In addition, because the basic pattern of
RT versus SOA is so similar between Experiment 7 and
the other experiments, we conclude that observers are
likely using the same types of strategies in the different
experiments. Although RT decreases with SOA more
slowly in Experiment 7 than in the other experiments,
we suspect that this is precisely because the assistance
from partial pop-out to difficult search is missing in this
experiment.
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This lack of assistance indicates that when failed
pop-out does assist difficult search, it does so by provid-
ing spatial information about target location. (Other-
wise, changing the target location would not eliminate
the effect.) What is the nature of this information? One
possibility is that this location information consists of a
contracting region of space surrounding the target,
from which display locations are gradually removed as
potential target locations, as pop-out progresses. If
pop-out is interrupted before the window converges
successfully on the target, the region could be used to
guide difficult search. The contraction of this region
could occur linearly with distance from the target, or in
some other way; it could be all-or-none, with individual
Fig. 17. Experiment 7. Target-present RT by distance (between
original target position and final target position), plotted separately
for trials with different SOAs. Note that the ‘distance’ measure is
meaningless for SOA0 (because the target appears in the randomly
selected ‘original’ position for 0 ms, i.e. never) and for SOA
(because the target never moves to the ‘final’ position). Two adjoining
positions have distance 1; identical initial and final positions have
distance 0; all other distances are rounded. Error bars represent one
standard error above and below the mean of the subject means. For
SOAs of 50–250 ms, larger symbols are used for shorter SOAs. Data
for distance 6 (and for distance 0, SOA) are not shown because
of empty cells.
Fig. 15. Experiment 7. Mean RT and percent error plotted against
SOA, for target-present (filled circles) and target-absent (empty cir-
cles) trials. Means across all observers are shown.
locations completely removed from consideration, or
gradually, for example as a shrinking gaussian. This
assistance could possibly be modeled by making feature
activations within Wolfe’s (1994) Guided Search model
develop gradually over time. With increasing exposure
to the pop-out display, this activation map would be
more likely to prioritize the target for subsequent pro-
cessing by difficult search. On the other hand, the
results could simply reflect attentional deployment to
the original target location, followed by a bias toward
nearby locations even once the target is no longer there.
Fig. 17 plots RT by distance moved (between original
and final target positions), plotted separately for trials
with different SOAs. We focus on the shorter distances
because of a confound involved with the longer dis-
tances: for the target to move 6 units, it must appear in
orbit 4 for both its initial and final positions; such a
trial should produce a long RT because of the consider-
able eccentricity of both target positions. (The results
for these trials are not shown because the cells for some
observers are empty; however, the confound may apply
to other long distances, e.g. distances 4 and 5). For the
control conditions, the distance measure is meaningless,
since for SOA0 the first target position never occurs
and for SOA the second target position never
occurs. Control RTs are plotted using the randomly
selected unused positions (and resulting distance mea-
sure) simply for comparison.
Fig. 16. Experiment 7. Proportion difficult search (l) as a function of
SOA, calculated separately for each of four moments. Shown is an
average of the results from the six observers.
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Turning to the data for distances 0–3, the following
pattern is clear. At long SOAs, the RT-by-distance
curve is flat. How far the target moves is irrelevant if
the target has popped out before moving. At the short-
est non-zero SOA (SOA50), the RTs are a bit noisy
and roughly follow the generally flat curve of SOA0.
The most useful curve is the SOA100 curve, com-
pared with the flatter SOA0 curve and the flatter
long-SOA curves. These results suggest that, at an
intermediate SOA (100 ms), larger target displacement
produces longer RTs. This pattern is consistent with the
hypothesis that the development of pop-out involves a
contracting window of potential target locations.
Another possible account of the nature of the assis-
tance of difficult search by partial pop-out is suggested
by the fact that pop-out RTs are fastest for targets
closest to fixation (the ‘eccentricity effect’; Carrasco et
al., 1995; Wolfe et al., 1998). In our experiments, it may
be that when pop-out does not succeed before interrup-
tion, this failure indicates to other search mechanisms
that the target is not near fixation (because if the target
were present near fixation, it would have likely popped
out already). This information could assist difficult
search by eliminating the need to search central loca-
tions. The experiments of Watson and Humphreys
(1997) have indicated that observers can eliminate cer-
tain distractor item locations from search, thereby en-
hancing efficiency, if previous evidence indicates that
the target is not present at those locations. In our
experiments, such a mechanism could eliminate central
locations from consideration by difficult search, if failed
pop-out is taken as an indication that the target is not
near fixation. If this is the case, then at intermediate
SOAs performance should be worse for trials in which
the target started at a peripheral location and then
moved to a more central location in the display than
vice-versa. The data were not sufficient to rule out this
hypothesis.
However, the data did support this hypothesis in that
the ls calculated for target-absent trials follow the
same general pattern as those calculated for target-
present trials. Fig. 18 shows that these ls follow the
same pattern as those for target-present trials, for Ex-
periments 1, 2, 3, and 6 (i.e. ls calculated from higher
moments falling before those calculated from lower
moments). In addition, in Experiment 7, in the context
of the target moving when the second set of distractors
is added, partial pop-out information fails to assist
difficult search even on target-absent trials (i.e. overlap-
ping ls). For target-absent trials, this result only makes
sense if the information gained from partial pop-out
involved knowledge about where the target was not,
rather than knowledge about where the target was. If
the target moves, as in Experiment 7, then partial
information — about where the target is not — be-
comes useless along with information about where the
target is. This explanation of target-absent data, com-
patible with Watson and Humphreys’ (1997) theory,
contrasts with the account mentioned first, which ap-
pears compatible with Wolfe’s (1994) Guided Search
theory. Of course, both types of mechanism, informa-
tion about where the target is and information about
where the target is not, could contribute to processing.
The idea that target location is involved in target
detection does not agree with all theories of search.
Horowitz and Wolfe (1998) moved display items during
the search process, and they found that difficult search
(search for a T in Ls) is not hindered when all display
items are masked and change locations every 111 ms
(set size slope did not increase, compared with a condi-
tion where items are masked without changing loca-
tions, although there was a constant cost across set size
associated with moving items). They concluded that
difficult search is ‘amnesic’, i.e. it does not remember
which display locations it has already considered. The
results of Experiment 7 suggest that not all search is
amnesic: in particular, the assistance of difficult search
by partial pop-out depends on target location remain-
ing constant. It is possible that the constant cost that
Horowitz and Wolfe (1998) found for moving items (in
particular, moving target), across all set sizes, is related
to this interaction.
9. General discussion
The guidance of early vision by simple stimulus
features has consequences for most of visual processing.
The experimental techniques described in this paper
elucidate the nature of visual selection despite its rapid
completion (often within 100–200 ms). We have dis-
sected pop-out search temporally, watching it succeed
on an increasing proportion of trials as the duration of
the linearly separable portion of the stimulus is in-
creased. We have also dissected pop-out search spa-
tially, tracking its progress separately at different
portions of the visual field. Most importantly, we have
demonstrated an interaction between the mechanisms
responsible for pop-out and the mechanisms responsi-
ble for difficult search. Any theory of visual search
should incorporate this interaction. The results of Ex-
periment 7 indicate that this interaction involves infor-
mation about the location of the target.
9.1. Partial pop-out assists difficult search
One important conclusion from our results concerns
the interaction of pop-out processes with other, slower
search processes. By analyzing the response time distri-
butions from the different SOA conditions, we deter-
mined that even when pop-out search mechanisms do
not produce a detection response, they do assist other
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search mechanisms. Consistently, the higher moments
of the RT distributions approached their pop-out val-
ues with increasing SOA, faster than did the lower
moments. This pattern indicates assistance of difficult
search by partial pop-out computations.
Experiment 1 demonstrated that partial pop-out as-
sists difficult search. Several control experiments ad-
dressed possible alternative explanations. First, it could
have been argued that in Experiment 1, observers were
skilled at using partial pop-out information for difficult
search because they knew what the SOA for the next
trial would be. However, the similarity between the
results from Experiment 1 (blocked SOA) and 2 (inter-
mixed SOA) shows that the assistance of difficult search
by partial pop-out is not dependent on an accurate
expectation of the duration for which pop-out processes
will be able to operate. Experiment 3 investigated the
limits of the phenomenon, and found that up to the
limits expected by visual integration times, partial pop-
out assists difficult search. Hence, target information
during pop-out search appears to accumulate at a rate
which we can measure using our technique.
It could also be argued that the onset of more stimuli
disrupts processing. We investigated the effects of dis-
tractor onset on pop-out search in Experiment 4. Dis-
tractors that were not expected to disrupt pop-out
search on the basis of their features (they were the same
color as the distractors already present from the begin-
ning of the trial) were added to the stimulus, at a
variety of SOAs. The results demonstrated that the
effects of disruption per se, due to the onset of stimuli
that do not produce a non-separable target-distractor
configuration, are minimal. Next we investigated the
effects of uncertainty about the nature of the interrupt-
Fig. 18. Target-absent ls. (a) Experiment 1, (b) Experiment 2, (c) Experiment 3, (d) Experiment 6, and (e) Experiment 7. Note the overlap in ls,
derived from the four different moments, for Experiment 7.
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ing items. Experiment 5 presented the trials from Ex-
periment 4, intermixed with trials like those in Experi-
ment 2 (the distractors that were added were of a color
that would disrupt pop-out search). Despite the uncer-
tainty about the nature of this stimulus change (in
addition to the uncertainty caused by the intermixed
SOAs), the results replicated Experiment 4 and 2, re-
spectively. The onset at the SOA of more D1 distrac-
tors caused little disruption, and the onset at the SOA
of D2 distractors disrupted pop-out but did not prevent
partial pop-out from assisting difficult search. That is,
not even the combined uncertainty about SOA and
about whether D1 or D2 distractors would be added
prevented partial pop-out from assisting difficult search
(except at SOA50).
Finally, the pre-SOA and post-SOA portions of the
stimuli in Experiments 1–5 contained different numbers
of items (18 and 36, respectively). It could have been
argued that search might become difficult after the
onset of additional distractors in part because the set
size has increased. In addition, there are more colors in
the display after the SOA (2, or 3 if the target is
present) than before the SOA (1, or 2 if the target is
present). Experiment 6 was designed to measure the
influence of partial pop-out on difficult search, with
equal initial and final set sizes and numbers of colors.
The stimulus colors were chosen so that the target was
linearly separable from the distractors in the initial
stimulus, but not in the final stimulus, as in Experi-
ments 1 and 2. We predicted that pop-out had been
interrupted at the SOA by this change in target-distrac-
tor feature relationships (a linearly separable stimulus
turning into a not linearly separable stimulus), rather
than number of items or colors. The results provided
strong support for the notion that pop-out was inter-
rupted by the onset of distractors that create a non-sep-
arable configuration. Furthermore, partial pop-out still
assisted difficult search, under these conditions of
equalized initial and final set size and number of dis-
tractor colors.
9.2. Eccentricity effect at all SOAs
A second conclusion from our results is that pop-out
processes complete most rapidly when the target is near
fixation, and more slowly for targets farther from fixa-
tion. This result is consistent with previous work
demonstrating slower responses for more eccentric
targets (Carrasco et al., 1995; Carrasco & Frieder, 1997;
Wolfe et al., 1998). Because we interrupted the observ-
ers’ view of the linearly-separable stimulus on which
pop-out processes could operate, we were able to exam-
ine detection of targets at different eccentricities with
different durations of pop-out processing. Thus we
showed that during the de6elopment of pop-out, more
central targets are detected more quickly than more
eccentric targets (a pattern of consistently longer RTs
for more eccentric targets at all SOAs, see Figs. 2b, 6b,
8b and 13b).
Olds et al. (2000) reported that pop-out appeared to
spread at 20 ms:deg for one observer. In the present
Experiments 1, 2, 3, and 6, across several observers, we
observe that it generally takes approximately 100 ms
display duration for orbit 4 RT to reach the level of
orbit 1 RT (see e.g. SOA0 orbit 1 RT and SOA
100 orbit 4 RT). Thus, about 2.6° of eccentricity are
‘traveled’ in about 100 ms, corresponding to a rate of
40 ms:deg. This range of values, 20–40 ms:deg, is
consistent with those reported by Carrasco et al. (1997).
Why is pop-out slower for more eccentric targets?
Signal might build up more slowly in the periphery
because photoreceptor and neural densities are lower,
or the ‘searchlight of attention’ may ‘widen its beam’ as
processing proceeds (for discussion, see Carrasco et al.,
1995; Carrasco & Frieder, 1997; Wolfe et al., 1998).
The present results only show that processing spreads
radially during the 150–300 ms required for pop-out
processing. A better understanding of the neural corre-
lates of this phenomenon will certainly provide impor-
tant constraints for theories of early vision.
9.3. The nature of the assistance of difficult search by
partial pop-out
What do these results mean for theories of early
vision? Clearly a theory proposing complete indepen-
dence between pop-out and other search processes can-
not accommodate the results from Experiments 1–6.
What, then, are these partial computations in pop-out
processing, and how are they relayed to other search
mechanisms? One theory of search proposes that bot-
tom-up feature detection influences the order of difficult
search (Wolfe, 1994) by priming more likely target
locations. The results from Experiment 7 target-present
trials suggest that partially completed pop-out compu-
tations yield information about target location, consis-
tent with Wolfe’s theory.
However, another set of results (Watson &
Humphreys, 1997) indicates that early processing can
guide search by eliminating from consideration loca-
tions where the target is unlikely to appear. We have
focused on target-present trials for our main analyses,
because observers tend to use a wider range of strate-
gies for response when the target is absent (see Chun &
Wolfe, 1996). However, we found the patterns of ls for
target-absent trials to mimic those for target-present
trials (Fig. 18). Namely, for target-absent trials in Ex-
periments 1–6, ls calculated from higher moments fell
to pop-out levels faster than those calculated from
lower moments (there was more noise in this pattern
than there was for target-present trials, but the pattern
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was clear). Furthermore, the ls for target-absent trials
overlapped for Experiment 7, just as they did for
target-present trials.
Target-present l patterns led us to believe that partial
pop-out assists difficult search via information about
the location of the target. The difference between the
results from Experiments 1–6, where the target did not
move, and the results from Experiment 7, where the
target did move, supported this conclusion. For target-
absent trials, the same pattern in the ls indicates that
the processes responsible for pop-out may transmit
information about where the target is not (rather than
information about where the target is) to the processes
responsible for difficult search. On trials where pop-out
processing is interrupted before targets in the outer
orbits of the display would have had a chance to be
detected, for example, then difficult search can operate
more quickly by limiting processing to only locations in
the outer orbits. However, when the target moves this
mechanism will not work for either target-present or
target-absent trials. This mechanism could, in fact,
explain the assistance of difficult search by partial
pop-out in both target-present and target-absent trials.
In addition, target-absent trials may be affected by
shifting response criteria and other strategic factors
(such as checking mechanisms), and these criteria are
likely affected by experimental parameters such as
whether the target remains in a constant position or
not. Further research is required to specify more pre-
cisely the nature of the information transfer, for both
target-present and target-absent trials.
A related question involves the distinction between
the processes responsible for pop-out and the processes
responsible for difficult search. There is likely a contin-
uum rather than a dichotomy underlying the two ap-
parent patterns in performance (see e.g. Wolfe, 1998;
Nakayama & Joseph, 1998). Our results would confirm
the idea that there is overlap between the two sets of
processes. Indeed, if there is a shared set of processes,
used by both pop-out and difficult search, it could be
partial information accrued here that allows interrupted
pop-out to assist difficult search.
In another experiment, not reported here, we pre-
sented displays similar to those of Experiment 2, of
either set size 36 (as in this paper) or set size 18. We
found similar patterns in the ls as are reported in this
paper, for both set sizes. In addition, we found a strong
set-size effect at SOA0, and a much weaker set-size
effect at SOA. That is, because of this set-size
effect at SOA0, we can be certain that difficult
search is indeed required when both sets of distractors
are present.
9.4. Generality of these findings
The guidance of visual selection affects virtually all
visual processing. The experiments described in this
paper are an attempt to deepen our understanding of
the mechanisms responsible for this selection. An im-
portant question is whether the interaction we found
between the mechanisms responsible for pop-out and
the mechanisms responsible for difficult search is spe-
cific to color stimuli or more general. We have found
that it occurs for search in orientation stimuli (Olds,
Cowan & Jolicoeur, 1999c) as well and for color in the
context of conjunction search using categorical stimuli
(Jolicoeur, Olds & Cowan, 1999), indicating that the
phenomena are not confined to nearby colors in color
space. It is likely too optimistic to imagine that this
interaction operates universally in visual selection, but
this has not yet been disconfirmed.
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Appendix A. Algebraic analysis of ls
Here, we show that ls calculated from high moments
approach their pop-out values with increasing SOA
more slowly than ls calculated from low moments, for
the most sensible mixture model’s predictions based on
our experimental method.
In the ‘SOA0’ condition, the stimulus that appears
at time t0 is not linearly separable, so difficult search
starts at time t0. This difficult search RT distribution
is f(t), and we can calculate its moments x0j by Eq. (2).
In terms of probability distributions (rather than actual
RT distributions as we have in our data), we can restate
Eq. (1) as
x0j 
& 

t jf(t) dt (3)
A race model would claim that difficult search starts at
time t0 in all other SOA conditions, as well. A
sensible mixture model, on the other hand, would claim
that for SOAs greater than 0, the slow process of
difficult search does not begin at stimulus onset but
begins only when pop-out search fails, for example with
the onset of the second set of distractors. We can also
calculate the moments for a process that starts at time
t t0, some time after the onset of the stimulus. The
distribution for this process is f(t t0), simply a shifted
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copy of f(t). The jth moment of this distribution, xt 0
j , is
xt 0
j 
& 

t jf(t t0) dt (4)
Changing the variable of integration to t % t t0, and
replacing t % with t for simplicity, produces:
xt 0
j 
& 

(t t0) jf(t) dt (5)
Expanding the polynomial (t t0) j we obtain:
xt 0
j 
& 

(t j jt0t ( j1)…)f(t) dt (6)
Referring to the jth moment of the RT distribution for
the slow process starting at t t0 (difficult search; this
moment is 	 t jf(t) dt) as M j and substituting:.
xt 0
j M j jt0M ( j1)… (7)
Consider the first moment M1 (where j1). Because t0
is small compared to M1, every term is much smaller
than the one before (by the factor t0:M1, roughly).
What is the effect on l of this temporal offset for
difficult search (t0)? As in Eq. (2),
Mmj lxt 0
j  (1l)M fj (8)
where Mmj is the jth moment of the mixture distribu-
tion, xt 0
j is the jth moment of the slow distribution
offset by t0, and M fj is the jth moment of the fast
(pop-out) distribution. The distance between the slow
moment and the fast moment is (xt 0
j M fj), and l is the
proportion along this interval at which the mixture
moment Mmj lies:
l
(xt 0
j Mmj )
(xt 0
j M fj)
(9)
The moment for the slow process starting at t t0, xt 0
j ,
can be expressed as some value near to the moment for
the slow process starting at t t0, or (M jdM j),
where dM j is a small correction. Eq. (9) can then be
reformulated as
l
(M jdM j)Mmj
(M jdM j)M fj
(10)
or rearranging terms:
l
M jMmj dM j
M jM fjdM j
(11)
Because the sum xy can be rewritten as x(1 (y:x))
we substitute (dM j) for y, and (M jMmj ) for x in the
numerator, and (M jM fj) for x in the denominator to
rewrite Eq. (11) as:
l
(M jMmj )

1
(dM j)
(M jMmj )

(M jM fj)

1
(dM j)
(M jM fj)
 (12)
or
l
(M jMmj )
(M jM fj)

1
(dM j)
(M jMmj )


1
(dM j)
(M jM fj)
 (13)
Now, the first term in Eq. (12) is the one we calculate
when we ignore t0, the offset in the start time, and it is
multiplied by a correction for t0, the second term. The
correction ((1 (dM j):(M jMmj )):(1 (dM j):(M j
M fj))) is of the form (1a):(1b) where a is (dM j):
(M jMmj ) and b is  (dM j):(M jM fj)).
How can we simplify the correction? First, because b
is small the higher-order terms in the following are
negligible:
1
(1b)
1bb2b3…$1b (14)
Then
(1a)
(1b)
$ (1a)(1b)$1abab$1ab
(15)
The ab term is removed at the end of the last step in
Eq. (14) because it is small and therefore negligible. Eq.
(14) is used to transform the correction of Eq. (12) into
a close approximation, in Eq. (16) below:
1
dM j
(M jMmj )

dM j
(M jM fj)
(16)
Now, the moment of the mixture distribution Mmj is
always bigger than the moment of the fast distribution
M fj, so the negative term is smaller than the positive
one in the correction. Therefore the term is always
greater than 1 (though not by very much, because
dM j:M j is on the order of t0:M j, which is small). And
therefore the prediction for a moment generated by the
independent race model is smaller than that generated
by a mixture model with delay t0 in the slow search
process. The race model under-predicts more for higher
moments and thus the prediction of the mixture model
is that higher moments approach their pop-out values
slightly slower, with increasing SOA, than lower
moments.
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